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ABSTRACT 
In this paper we present two examples of combining fluorescent nanoparticles with photonic materials. First, we 
present the results on new compound: nanodiamonds and silk. Second, we report on ZnO fluorescence, with 
ZnO nanoparticles obtained by Zn-ion implantation in silica. 
Keywords: fluorescent nanoparticles, nanodiamond, metal oxide nanoparticles, silk, confocal microscopy, 
implantation, biosensing. 
1. INTRODUCTION
In the last few years, study into fluorescent nanoparticles (NPs) has become a distinctive subject of research. 
Studies are undertaken into both physical implementations of these structures and their applications. This 
increase in interest is driven by the numerous applications of fluorescent materials in industry, medicine, 
information technology, energy storage, sensing and many others [1, 2]. 
As compared to organic dyes, fluorescent NPs like quantum dots (QDs) and nanodiamonds (NDs) promise 
high levels of brightness and photostability. However, sometimes blinking and cytotoxicity of these NPs can 
present major issues to their use in bio-imaging. These problems can be addressed by encapsulating or 
embedding the NPs into a suitable bio-polymer. Silk fibroin is an attractive biopolymer for this purpose due to 
its good optical properties and bio-compatibility. In addition, the preparation and processing of silk is water 
based which makes it convenient for intake by cells and tissues [2]. Here we demonstrate a new approach of 
combining two bio-compatible materials: silk and NDs. We have embedded NDs, containing single NV- 
quantum emitters in silk fibroin by drop casting the diluted silk aqueous solution on top of a silicon substrate 
containing the NDs [3]. 
Fluorescent metal oxide NPs have attracted intensive interest during the past decade because their 
outstanding optical properties make them suitable for various fields such as biological analysis, lighting and 
photovoltaic applications [4]. The origin of defects responsible for different visible emissions in metal-oxide has 
been controversial for decades [5]. For example, ZnO typically exhibits one or more emission peaks in the 
visible spectral range. The most commonly occurring defect emission is the green emission, which is frequently 
attributed to oxygen vacancies. However, it has also been stated that it should not be assumed that this emission 
originates from oxygen vacancies [6]. Even though other hypotheses which may explain this emission have been 
proposed, such as zinc vacancies, copper impurities, oxygen antisites, etc. [7] the origin of other defect 
emissions in ZnO, such as orange-red emissions is also controversial, with multiple hypotheses proposed to 
explain this emission [7]. It was proposed that defect complexes rather than single point defects could be 
responsible for defect emission [8]. Unfortunately, limited experimental and theoretical data are available on 
defect complexes. Thus, the origin of these emissions to date remains unresolved despite intensive study and 
subsequently there is no consensus on the chemical nature of defects responsible for different emissions 
observed in ZnO.  
Defect emissions in other oxide materials have been comparatively less comprehensively studied compared 
to ZnO. This lack of comprehensiveness results in fewer controversies, with emissions commonly attributed to 
oxygen vacancies [9], but there remains a lack of strong experimental support for this hypothesis. 
Recently, we have observed bright single photon emission (> 650 nm) from ZnO when pumped with a laser 
at 532 nm [10]: all ideal properties for detection and tracking in living cells. We have discovered that ZnO 
nanoparticles themselves can act as bright, single photon sources, and can therefore be used as fluorescent 
biomarkers in their own right [10]. This discovery enables the possibility of using highly-sensitive scanning 
confocal fluorescence techniques to track nanoparticle propagation through biological tissue at the single 
nanoparticle level.  
ICTON 2013 Tu.C5.3 
2 
2. SILKEN NANODIAMONDS
NDs were deposited on a silicon substrate containing Focused Ion Beam (FIB) registration markers. Scanning 
confocal fluorescence maps were performed (with 600 µW excitation power at λ= 532 nm) on the sample before 
and after coating with silk, shown in Fig. 1(a). The fluorescent circular regions in the image correspond to NDs or 
their clusters containing single or multiple nitrogen vacancy centers. We analyzed fluorescent particles, 
corresponding to individual NDs with single photon emission shown in Fig. 1(a) (left). Single photon emission 
from one of the silk-coated quantum emitters of Fig. 1(a) is confirmed by the characteristic dip at the zero delay 
time of the raw antibunching data shown in Fig. 1(b) (left). 
(b) 
Figure 1: (a) Scanning confocal fluorescence maps (5 µm x 5 µm) of NS before (left) and after (right) silk 
coating;(b) Raw single photon emission data from one of the eleven NDs embedded in silk (left) and comparison 
of counts vs. time before (blue trace) and after (red trace) silk deposition (right) [3]. 
The emission counts are shown in Fig. 1(b) (right) of one of the 11 recorded quantum emitters before (blue 
trace) and after (red trace) silk coating. After coating with silk, all centres were observed to give an enhanced 
emission rate corresponding to a rise in their emission counts by 2 – 4 times. Hence, silk was found to contribute 
towards higher emission rates by NDs. This new compound was also found to be non-toxic in an in-vivo mice 
model. 
3. METAL OXIDE NANOPARTICLES IN SILICA
Fluorescence has been observed in ZnO samples obtained by different fabrication methods and suppliers, from 
in-house (Bio21, UoM), ZnO samples made by a sol-gel method; also from HKU and National Institute for 
Materials Science (NIMS); to commercially available samples (Sigma Aldrich) [10,11].  
Here we present results for ZnO NPs obtained by Zn+ implantation in silica [12]. Optical-grade silica glass, 
with low absorption, was implanted with 64Zn+ ions of 60 keV up to a fluence of 1.0×1017 ions/cm2. Samples 
were held below 100 °C during implantation. The Zn was measured to be distributed as NPs within 40 nm of the 
surface, see Fig. 2(a) [12]. The metal NPs were then oxidised by thermally activated migration of oxygen into 
the silica. The samples were annealed in a tube furnace for 1 h at a temperature of 700 °C under ~ 100 standard 
cubic centimetres per minute flow of O2 gas at atmospheric pressure. The Zn migrates under heating and 
encounters and reacts with molecular oxygen supplied from the surface, resulting in the vast majority of Zn 
atoms being converted to ZnO.   
A 100× (0.95 NA) objective was used to pump and collect light from the sample. A frequency doubled 
532 nm Nd:YAG laser is used to excite the optical emitters and a dichroic beamsplitter and long pass filter 
(570 nm) are used to filter red fluorescent emission. Our results show that the samples are rich in distinct 
features which fluoresce above 570 nm. So far we have not established the origin of the centres but the only way 
that the controversy can be solved is to investigate those centres down to single individual emitters. As shown in 
Fig. 2(b) the overall contribution of these centres (green line), obtained by ensemble measurement cannot 
explain the origin as it consists of the contribution from many different centres. The emission spectra of four 
(a) 
Before silk coating After silk coating 
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individual defects are shown in Fig. 2(c), obtained with confocal microscopy. The bandwidth of emission is in 
the range of 580 – 875 nm. We can distinguish four different centres.  
Figure 2: (a) Cross-sectional TEM image of silica sample implanted with Zn+ ions and after annealing in 
oxygen for 1 hr at 700˚C. Image is taken and modified from [12]. The large dark constrast features at the top of 
the figure are the ZnO NPs; (b) photoluminescence spectra obtained with UV pump on bulk;  and (c) spectra of 
four individual single photon emitters found on the sample  with 532 nm pump [13]. 
The isolated defects are observed to exhibit sub-Poisson photon emission statistics as characterised by their 
second-order correlation function, g2(τ). Single photon emission is characterised as an emitter with a g2(0) < 0.5, 
relative to the probability of detecting two photons at once for a random photon source. Even without correction 
for the background fluorescence, the dip falls below g2(0) ~ 0.16 for almost 1 mW of pump power. 
4. CONCLUSIONS
The availability of quantum defects in nanoparticles form that can be introduced in to biological environments 
allows for many new sensing mechanisms. We have demonstrated successful coating of NDs with silk and 
observed a single-photon emission with increased collection efficiency after the silk coating. This unique 
combination of silk and NDs has the potential to give rise to a new class of very bright, bio-compatible and 
environment friendly bio-sensors. 
Also, we have observed single photon emission from optical emitters in ZnO nanoparticles fabricated via ion 
implantation and thermal oxidation in a silica substrate. With this technique, a high concentration of single 
photon emitters can be produced in a small volume on the surface of silica substrates. Our ability to address and 
identify individual defects will allow further insight into their nature.   
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